Abstract With the increasing world demand for biofuel, a number of oleaginous algal species are being considered as renewable sources of oil. Chlorella protothecoides Krüger synthesizes triacylglycerols (TAGs) as storage compounds that can be converted into renewable fuel utilizing an anabolic pathway that is poorly understood. The paucity of algal chloroplast genome sequences has been an important constraint to chloroplast transformation and for studying gene expression in TAGs pathways. In this study, the intact chloroplasts were released from algal cells using sonication followed by sucrose gradient centrifugation, resulting in a 2.36-fold enrichment of chloroplasts from C. protothecoides, based on qPCR analysis. The C . protothecoides chloroplast genome (cpDNA) was determined using the Illumina HiSeq 2000 sequencing platform and found to be 84,576 Kb in size (8.57 Kb) in size, with a GC content of 30.8 %. This is the first report of an optimized protocol that uses a sonication step, followed by sucrose gradient centrifugation, to release and enrich intact chloroplasts from a microalga (C . prototheocoides) of sufficient quality to permit chloroplast genome sequencing with high coverage, while minimizing nuclear genome contamination. The approach is expected to guide chloroplast isolation from other oleaginous algal species for a variety of uses that benefit from enrichment of chloroplasts, ranging from biochemical analysis to genomics studies.
Introduction
Members of the genus Chlorella are freshwater green microalgae belonging to the phylum Chlorophyta, Class Trebouxiophyceae, Order Chlorellales, and family Chlorellaceae. They have the potential to produce 30 % dry weight of biomass or more of lipids, under starvation conditions, when grown to late exponential phase (approximately 14 days) under photoautotrophic conditions (Sirisansaneeyakul et al. 2011) . Some species, however, including Chlorella protothecoides Krüger are capable of also growing heterotrophically (on glucose), taking up carbohydrates and directly transforming them into lipids, to yield a lipid content as high as 55 % within 144 h (Huang et al. 2010; Yan et al. 2011) . Such an approach, although high in efficiency, would likely increase the cost of biodiesel production (Huang et al. 2010; Yan et al. 2011) by current standards because the source of carbon is expensive. Even though photoautotrophic lipid production also shows limitations (e.g., lower cell density and photo-inhibition), it is usually the favorable choice for economical, scalable lipid production (Huang et al. 2010) .
In addition to the classical mevalonate pathway, algae and higher plants utilize an alternative pathway for the biosynthesis of complex long-chain fatty acids such as carotenoids, prenyl lipids and isoprenoids, referred to as the nonmevalonate pathway (Rohmer 1999) . Given the increased interest in commercializing algae for biofuel production, it has become important to clarify the non-mevalonate pathway and better understand the key steps in fatty acid synthesis in oleaginous microalgae.
Recent developments in high-throughput DNA sequencing technology have made it possible to sequence DNA of large organismal genomes, but these approaches become highly cost ineffective and the data superfluous if only the plastid genome sequence is of immediate interest. Plastid genomes are relatively small in size and the number of plastids per cell can be variable in relation to the mass of the genomic DNA. Unless chloroplast DNA is purified to remove contaminating genomic fractions or preparations are specifically enriched for chloroplast DNA, high-throughput sequencing to determine the chloroplast genome sequence is costly and overall, inefficient. Furthermore, Sanger sequencing of the chloroplast genome would require purification of the genome and construction of a genomic library for DNA sequencing to be cost effective.
Although protocols have been developed for chloroplast enrichment from specific plants, enrichment of chloroplasts from microalgae are not perfected, and furthermore, have been found to be highly species-specific owing to the variability in growth habits and biochemical composition of different types of algae (Sager and Ishida 1963; Yamada 1982) . In nature, algae are continuously exposed to a changing environment and so they have adapted physical features that protect them from stressful conditions and subsequent damage (Dominguez et al. 1999 ). In contrast, higher plants, which have adapted to a stationary lifestyle, have evolved specialized tissues that provide protection from environmental extremes.
Due to these differences, chemical or physical treatments optimized to disrupt the tissues of well-studied plant species to release intact organelles, have not been successful for the same purpose with unicellular algae. Also, marine algae can undergo cell lysis in hypertonic buffers that provide a higher osmotic pressure than is optimal for freshwater algae, making this approach unworkable for freshwater microalgae. Thus, even though algae and higher plants share some characteristics in common, protocols that are successful for isolating plant plastids have rarely produced optimal results for microalgae (Dominguez et al. 1999 ). As such, no universal protocol exists for isolating chloroplasts from promising freshwater microalgae species.
In preliminary experiments, a commercially available chloroplast isolation kit for plants (Plant Chloroplast Isolation kit, Sigma Aldrich) was tested for its utility to isolate the chloroplasts from four different oleaginous microalgae, Chlorella protothecoides (University of Texas (UTEX#25), Botryococcus braunii Kutzing (UTEX#572), Nannochloropsis salina Hibberd (UTEX#1776), Neochloris oleoabundans Chantanachat and Bold (UTEX#1185). Regardless of the algae species tested, yields were extremely poor, based on cell counts using light microscopy, which also revealed that algae cells remained intact and apparently unaffected by the extraction procedure, making it impossible to separate intact chloroplasts from the combined cellular and cell wall materials.
The objective of this study was to develop and optimize a method for chloroplast isolation from microalgae to enable DNA sequencing of the chloroplast genome from enriched chloroplast fractions, using C. protothecoides as the study system. The approach was based upon the method of Grant et al. (1976) that was developed for the isolation of chloroplasts from the marine green siphonous alga Caulerpa simpliciuscula Agardh, and subsequently implemented by Grant and Borowitzka (1984) to isolate chloroplasts from Codium fragile Silva and Caulerpa filiformis Hering.
The adaptation of the method to C. protothecoides herein, included simplifying the complex salt mixture in the "breaking buffer," and changing the macro-level physical treatment (crushing and grinding) to a micro-level treatment that involved sonication to break apart and disrupt cell wall. Additionally, the cheesecloth filtration step was eliminated because it was ineffective for filtering microcellular material.
The C. protothecoides chloroplast isolation pipeline was monitored by taking advantage of the natural autofluorescence of algal chloroplasts and staining of the cell wall with Brightener 28 (Br28; also known as Calcofluor White; SigmaAldrich Fluorescence Brightener 28), a fluorescent compound used to "label" cellulose, the major structural constituent of the cell wall in some algae and oomycetous fungi and in green plants. Cellulose is a complex carbohydrate, that when labeled using this fluorochrome, fluoresces at 420 nm. It also appears blue-white in color when exposed to a long-wavelength ultraviolet light (364 nm). The presence or absence of intact cellulose-containing cell walls, together with the autofluorescence of intact chloroplasts, was used to monitor the various treatments that were evaluated for their efficacy in releasing intact algal chloroplasts.
After evaluating the different parameters, the most optimal suite of steps in the "pipeline" were adopted and involved an initial sonication step for disruption of algal cells and releasing the chloroplasts, followed by plastid separation from the cellular debris and enrichment into a single fraction using sucrosedensity-gradient ultracentrifugation. This combined approach was highly effective for enriching the chloroplasts of this lowcopy number plastid organism, C. protothecoides, and separating them from broken cell walls and cellular debris, such that the chloroplast genomic DNA could readily be purified from the final product. This method is expected to be useful for plastid isolation from other microalgal species to enable chemical or biochemical analyses or genomics studies, that benefit from the absence most or all nuclear and mitochondrial DNA.
Materials and methods
The culture of Chlorella protothecoides UTEX 25 was obtained from the Culture Collection of Algae, University of Texas at Austin, TX, USA. The alga was grown and maintained on 1. , and 0.43 mM of NaCl) with gentle shaking (∼100 rpm) at a constant temperature of 28°C for 14 days. Five milliliter of culture was used to separately inoculate three 100-mL flasks, each containing 50 mL of medium. The 50-mL culture was transferred into three 1-L flasks, each containing 500 mL medium. The inoculated flasks were provided with a continuous flow of 5 % CO 2 in air. The algal cultures were grown for 14-18 days until they were of approximately 300 mg cells flask −1 (wet weight).
The algal cells were harvested by centrifugation at 3,600×g for 8 min at 4°C. The pellet was washed twice in autoclaved, double-distilled water (ddH 2 0), and resuspended in 10-mL ddH 2 0.
Optimization of chloroplast isolation and purification
Washed algal cells were collected by centrifugation (3,600×g).
The pellet was resuspended in 3-ml freshly made ice-cold breaking buffer containing 5-mM dithiothreitol (DTT) and 5-mM sodium ascorbate, and the suspension was transferred to a 15-mL non-pyrogenic polypropylene BD Falcon centrifuge tube. In the optimization phase, the sonication step was carried out with the algal cell suspension held on ice, using a cell disruptor W-220F probe sonicator (Ultrasonics Inc., USA) and a micro-tip setting of 50 % power, with continuous sonication for 0.5, 1, 2, 3, or 4 min. After sonication, the algae cells were collected by centrifugation. The pellets were resuspended in 1-mL "resuspension buffer" (RB) containing 10-mM HEPES, 600-mM sorbitol, 50-mM MgCl 2 , and 0.1 % bovine serum albumin (BSA), pH 7.5-7.8 (Grant et al. 1976) , and held at 4°C. Four microliters of each sample was mixed with 0.5 μL of Brightener 28 solution at 0.5 mg mL
, prepared in 10 % sodium dodecyl sulfate (SDS). The sonication treatments were monitored for the presence or absence of fluorescence using an inverted Nikon fluorescence microscope, equipped with a 364-nm filter (excitation wavelength). The fluorescence of Brightener 28-labeled (stained) cellular components and the autofluorescence of the chloroplasts were monitored at 420 and 650 nm, respectively.
After confirmation of chloroplast release, the preparations centrifuged in a 60 to 70 % sucrose gradient, with sucrose dissolved in RB. The gradients were allowed to equilibrate for several hours, or overnight at 4°C, and enriched chloroplast suspension was layered on each gradient. Gradients were centrifuged in a Beckman L8-55M ultracentrifuge at 197,120×g for 40 min at 10°C. The chloroplast fraction was readily observed under room light, as a single, dark-green band that migrated to approximately the middle of the tube. The chloroplast-enriched fraction was collected using a Pasteur pipette, and the tubes were held on ice until the DNA isolation step.
Chloroplast DNA extraction, concentration, and purity DNA was isolated from the chloroplasts using the QIAGEN Plasmid Mini Kit #12123 (QIAGEN, USA), according to the manufacturer's instructions; however, the duration of the lysis step was increased to 1 h at 37°C, with gentle shaking throughout (Diekmann et al. 2008 ). The DNA extract was resuspended in and stored in 50-μL 1-mM Tris-HCl buffer, pH 8.0. The concentration and purity of DNA was determined based on the absorbance readings taken at 260 nm, using a NanoDrop Spectrophotometer ND-1000 (Thermo Scientific Inc. USA), and used to calculate the 260:280 ratios.
The presence or absence of chloroplast and nuclear DNA was confirmed using polymerase chain reaction (PCR) (Saiki et al. 1988 ) amplification of the 18S and 16S rRNA genes used as molecular markers, respectively. PCR primers were designed based on selected 18S rRNA gene algal sequences available in the NIH-NCBI-GenBank database for the closest Chlorella relatives, Chlamydomonas reinhardtii (GenBank accession no.: EF682842) and Chlorella vulgaris (GenBank accession no.: HQ702285.1). The PCR primers used for amplification of the 18S rRNA gene were F-5′-gggttcgattccgg agag and R-5′-gtacaaagggcagggacgtaat-3′. The chloroplast 16S rDNA was amplified using the primers, F-5′-agagtttgatc mtggctcag-3′ and R-5′-acggttaccttgttacgactt-3′ (Weisburg et al. 1991) . The expected size of the 18S and 16S rRNA gene, respectively, was 1.3 and 1.5 Kbp The conditions for PCR amplification of the 18S rRNA gene sequence were 5 min at 94°C (initial denaturation), 40 cycles of 3-step amplification; 45 s at 94°C (denaturation), 45 s at 58°C (annealing), and 1.5 min at 72°C (extension), with a final extension incubation step of at least 10 min. The PCR conditions for the 16S rRNA primers were the same as 18SrRNA gene PCR condition except for the final extension step, which was 1.3 min.
The 18S and 16S rRNA gene PCR products were cloned into the pGEM-T Easy plasmid vector #A1360 (Promega, USA). The plasmid vector was transformed into Escherichia coli competent cells (strain DH10B T1) by electroporation. Colonies were grown on100 μg mL −1 Ampicillin LB plates, containing 250 mg mL −1 X-Gal at 37°C, overnight (Sambrook and Russell 2001) . Twelve colonies harboring 18S and 16SrRNA gene inserts were diluted in 20 μL sterile H 2 O, and 2 μL from each preparation was used as template for colony PCR (Sambrook and Russell 2001) , using M13 forward and reverse primers F-5′-tgtaaaacgacggccagt-3′ and R-5′-gttttcccagtcacgac-3′ in the pGEM-T Easy vector (Promega, USA) to confirm the presence of inserts of the expected size. The remaining 18 μL was used to inoculate 6 mL Luria broth (LB) containing ampicillin followed by incubation overnight at 37°C, with shaking at 250 rpm. The cloned plasmid-insert DNA was purified from three clones per PCR product, using the GeneJET Plasmid Miniprep Kit K0503 (Thermo Scientific Inc., USA), and the DNA sequence was determined for each, bi-directionally using the M13 universal primers (per above), as sequencing primers. The resultant DNA sequences were assembled into contigs using DNA sequence assembler Phrap/Consed v19.0 (Ewing et al. 1998) . Confirmation that the PCR products were C. protothecoides 18S and 16S rRNA fragments, respectively, was carried out using the BLASTn algorithm and reference sequences available in the GenBank database (http://blast.ncbi.nlm.nih.gov/).
Quantitative PCR of enriched compared to non-enriched chloroplast DNA Quantitative PCR (qPCR) was performed using total chloroplast DNA isolated using the method described here, compared to the total DNA (nuclear and chloroplast) isolated from C. protothecoides cells using the QIAGEN DNeasy Plant mini kit #69104, (QIAGEN, USA) that contained both chloroplast and nuclear DNA. The total DNA concentration was standardized, at ∼10 ng reaction
. The primers and probes were designed based on the 18S and 16S rRNA sequence determined herein for C. protothecoides UTEX25 (section 2.4). The forward and reverse qPCR primers, and the probe used for quantification of the 16S rRNA and 18SrDNA gene, respectively, were as follows: F-5′-aggatcagggttcgattc-3′ and R-5′-cctgtgtcaggattgggtaa-3′ (80 bp), and 5′-ccttggatgtggtagcccgtttctca-3′ for the probe, and F-5′-gctagagtttggtagaggcag-3′ and R5′-ttcgcctttggtgttcct-3′ (95 bp), and 5′-agcggtgaaatgcgtagatatcggg-3′ for the probe. Based on the chloroplast DNA sequence (Gene ID number KC631634, below), the latter two genes are present at one copy per chloroplast/nuclear genome (data not shown).
A "double-quenching" probe, 5′FAM/ZEN/3′IBFQ, was purchased from Integrated DNA Technologies (USA) and used to achieve a low background, together with a robust signal. A standard curve was established using the 18S rDNA (1.5 Kbp) and 16S (1.3 Kbp) rRNA fragment, respectively, cloned into the pGEM-T Easy plasmid vector (3015 bp). Using the molar ratio of insert to the plasmid vector, the concentration was determined to be 10 ng μL −1 from which serial 1:2 dilutions were made to achieve the final concentrations of 0.25, 0.5, 1, 2, and 4 ng DNA per reaction. The qPCR reactions were carried out using the StepOnePlus PCR system (Applied Biosystems, USA) and the following conditions: 2 min at 50°C (to remove uracil and prevent re-amplification of carryover products) and 10 min at 95°C, followed by 40 cycles at 95°C for 15 s, and 60°C for 1 min (qPCR step).
The threshold cycles (C T ) for the chloroplast DNA (16S) and genomic DNA (18S) were recorded and used to construct a standard curve. The comparative C T relative quantification method (Schmittgen and Livak 2008) was implemented to determine the fold change of chloroplast DNA (16S rDNA) in the DNA isolated from enriched chloroplasts, compared to the amount of total chloroplast DNA present in total algal (nuclear and chloroplast) DNA.
Chloroplast genome sequencing
Chlorella protothecoides cells were grown in laboratory culture, as described above. The cells were harvested and washed, as described, and subjected to the optimized sonication treatment followed by sucrose gradient centrifugation. The total DNA was isolated from the chloroplast fraction using the QIAGEN DNeasy Plant mini kit #69104 to yield approximately 30 ug μL −1 total DNA, estimated using the NanoDrop Spectrophotometer (ND-1000). Following quantification and fragmentation (University of Arizona Genetics Core Facility (UAGC) Facility), the genome sequence was determined using the New-Generation Illumina HiSeq 2000 DNA sequencing platform (Bennett 2004 ) available at The UAGC, Tucson, Arizona, USA http://uagc.arl.arizona. edu to produce 115,819,411 reads (2×100 base pair, paired end reads). The chloroplast genome (cpDNA) was assembled using four available chloroplast genomes as reference genomes, Coccomyxa , Chlorella vulgaris , Chlorella variabilis , and Chlamydomonas reinhardtii. The C. protothecoides genome sequence was found to be 84.576 Kb in size (data not shown). The Dual Organellar GenoMe Annotator (Wyman et al. 2004 ) was used to annotate the chloroplast genome coding regions, to evaluate the utility of both systems for annotating the genome sequence.
Results
Algal cells produced by the end of the exponential growth phase (14 days) were selected as the optimal harvesting time for chloroplast isolation from C. protothecoides. This particular growth stage was selected because of the abundance of fully developed, viable cells containing functioning chloroplasts. In general, younger cultures (<14 days) yielded insufficient algal cells while older cultures were rejected because of the abundance of dead cells and their substantial loss of chloroplasts.
Sonication was chosen as a physical treatment because it was found in early experiments to weaken rigid cell structures like the cell walls, yet not have an immediate effect on membranes. Other methods for cell wall disruption (abrasion using diatomaceous earth during sonication or bead beating) were tested in preliminary tests, but both approaches were found to be too destructive to the membranes of the released chloroplasts. The effects of the sonication treatment, together with breaking buffer, compared to breaking buffer alone, were monitored using light microscopy (LM) (Fig. 1c and d) . The LM observations indicated that the resuspension of the algal cells in the breaking buffer, alone, was insufficient to disrupt the C. protothecoides cell wall, and that a sonication step was required (Fig. 1) .
Next, the optimal sonication duration required to disrupt C. protothecoides cells was determined. A sonication period of 3 min was identified as providing ample cell disruption (Fig. 2a) . This resulted in the release of chloroplasts from the cells (average of >80 % chloroplast isolation from three biological replicates), with relatively minimal chloroplast damage (<10 %). Reduced sonication periods of 0.5, 1, or 2 min, or an extended (4 min) sonication period showed little effect on algal cell walls (0 to 6 % chloroplast segregation) or damaging effect on about 50 % of released chloroplasts (Fig. 2b) . These findings are consistent with those reported by Nelson (1960) in which an increase in extractable chlorophyll a (from phytoplankton) was achieved after a minimum sonication period of 3 min, compared to non-sonicated cells (negative controls). A comparison between the method developed in this study for C. protothecoides and that of Grant et al. (1976) is summarized in Table 1. A number of factors influenced the outcome of the sonication procedure, including the buffer volume and the composition (namely DTT and NaAsc). The application of sonication to disrupt the cells of other algal genera or species may require additional, prior experimentation to achieve highly optimal conditions, but in general, the protocol described here is expected to be applicable to microalgae with characteristics similar to C. protothecoides.
The effects of sonication on algal cells were examined at ×1,000 magnification under a fluorescence microscope by visually comparing sonicated to non-sonicated samples (negative control). LM observations revealed several differences between the negative control (non-sonicated) and the sonicated algal samples (Fig. 1) under visible light, and under ultraviolet (UV) illumination (<364 nm). The intact C. protothecoides cells were found to be 5 to 20 μm in size, appeared spherical, and contained one (in non-dividing) to several (in dividing) well-defined chloroplasts inside each cell. Under UV light, the bright blue rim of the stained cell wall was readily apparent. Inside the intact cells, and comprising one third to one half of the cell volume, a well-defined bean-shaped, red auto-fluorescing chloroplast also was clearly visible (Fig. 1a) . Alternatively, the spherical structures observed in the sonicated samples lacked a cell wall (a welldefined white-blue fluorescent rim), and exhibited uniform red fluorescence with no compartmentalization (Fig. 1b and  d ). This type of structure was anticipated for chloroplasts released from intact cells. The sonicated cells also contained scattered bright blue fluorescent debris in solution, which were interpreted to constitute disrupted or empty cell wall "shells" (Fig. 1d) . Another observation of the sonicated samples was the enlarged size of chloroplasts, reaching approximately the size of intact C. protothecoides cells, at 5 to 20 μm. A proportion of the chloroplasts was swollen, and was interpreted as a condition resulting from the hypotonicity of the resuspension buffer (different from the intracellular osmotic pressure). This morphology was useful for distinguishing the chloroplasts from other components in the mixture, and the detection of its presence complemented the fluorescent red method, which revealed bean-shaped chloroplasts inside of the intact algal cells, of about 2-7 μm in size. Thus, the potential hypotonic effects of buffer on chloroplasts did not appear to interfere with isolation of intact chloroplasts.
Chloroplast purification and enrichment by sucrose gradient ultracentrifugation
Sucrose density gradients comprising layers of 60 and 70 % sucrose were selected for this study, based on previous reports that Percoll and sucrose gradient concentrations suitable for plants (e.g., 30-52 % in sucrose, 40-80 % Percoll), were ineffective for separating C. protothecoides chloroplasts from intact cells or cell debris. In Fig. 3 , a sonicated sample of C. protothecoides is shown following sucrose density gradient centrifugation. The sample was separated into three main fractions, each of which was collected and stained for examination under a fluorescence microscope, at ×1,000 magnification (Fig. 3a) . The top layer (∼60 % sucrose) was enriched in intact, undisrupted cells. A thick, deep green layer collected at approximately the middle of the gradient (approximately 63-66 %), contained the majority of the intact chloroplasts and only a limited number of intact cells. The small pellet that sedimented to the bottom of the tube was found to contain cellular debris, dead and fractured cells, and disrupted chloroplasts.
Molecular analysis of chloroplast DNA in the enriched fraction PCR amplification (Fig. 3b) of the 16S rRNA marker from the chloroplast DNA isolated from the sucrose gradient fraction indicated the presence of DNA that was of sufficient quality to Table 1 Comparison between chloroplast isolation method of Grant et al. (1976) and that used in the current study Chloroplast isolation breaking medium Grant et al. 1976 Current study Physical treatment Crushing of sliced material Sonication Fig. 3 Sucrose gradient separation and polymerase chain reaction (PCR) for the validation of chloroplast genome quality. a Three layers of sonicated Chlorella protothecoides in a 60-70 % sucrose gradient after ultracentrifugation. The middle layer shows intact chloroplasts, which represented as orange. b PCR amplification of 16S rDNA and 18S rDNA gene, respectively, using a chloroplast genomic DNA extracted from the middle layer. 18S rDNA and 16S rDNA were amplified in expected sizes (1.3 and 1.5 kb, respectively) result in the expected size PCR products and with which to carry out DNA sequencing reactions. Three 18S rRNA amplicons (1.3 Kbp) were subjected to bi-directional sequencing, yielding three assembled sequences (minimum of 400 base overlap) that shared 100 % nucleotide (nt) identity to each other. Using the BLASTn program (http://blast.ncbi.nlm. nih.gov/), the 18S rRNA sequences were found to share a 100 % nucleotide match, with 100 % coverage, to the 18S rRNA sequence of C. protothecoides accession no. FR865686. One of the identical (n =3) 18S rRNA sequences was deposited in the GenBank database, and assigned the accession number JN677643. Similarly, three 16S rRNA amplicons of 1.50 Kbp (Fig. 3b ) in size were obtained and subjected to BLASTn analysis to identify the closest matches with highest coverage. Two of the sequences shared 99 % nt identity and 99 % coverage with the C. protothecoides 16S rRNA sequence, and one of these identical sequences was deposited in the GenBank database as accession no. X65688. One C. protothecoides 18S rDNA sequence was deposited in the GenBank database and assigned the GenBank accession no. JN677644.
Additionally, one amplicon of the expected size, 1.58 Kbp, was obtained when the 16S rDNA primers were used to PCRamplify the target sequence. It was found to have a closest match, at 93 % nt identity with 91 % coverage, with the mitochondria (mt) 16S rRNA gene of Prototheca wickerhamii, Genbank ID number U02970, which represents an alga also belonging to the Chlorellaceae. Based on this heterologous match, the sequence determined here represents a fragment of the C. protothecoides mt16S rRNA for which no sequence was yet available in the database. The C. protothecoides 16S rDNA sequence was deposited in the database and assigned the GenBank ID number, JN677645.
DNA concentration and purity, and relative concentration in enriched fractions
The concentration of total DNA isolated from enriched chloroplasts as determined by O.D. 260 nm was found to be 10-46.8 ng μL −1
, and purity was high at 1.66, based on the 260/280 O.D readings (extinction coefficient is 0.020 g mL −1 cm −1 for double-stranded DNA) (Sambrook and Russell 2001) . The relative concentration of chloroplast and genomic DNA contained in algal cells was estimated by qPCR, based on the copy number of the 16S and 18S rDNA (nucleus and the chloroplast genome, respectively). The qPCR analysis indicated that both genes were present in a single copy in C. protothecoides making the resultant C T values reliable indicators of the concentration of chloroplast DNA, compared to the total genomic DNA that also contained chloroplast DNA.
The qPCR data were analyzed using the method of Schmittgen and Livak (Schmittgen and Livak 2008) . The standard curve for the 18S and 16S rDNA showed that DNA concentration of each was directly proportional to the slope at −3.072 and −3.14, with a reaction efficiency of 111 and 108 %, respectively, indicating that the DNA concentration exhibited an expected twofold increase after each cycle. Using this approach, the chloroplast DNA concentration in the enriched and non-enriched control samples were comparable, as indicated by the mean value of 2 (−Ct) of each sample (three replicates, each) (Schmittgen and Livak 2008) . The fold change analysis indicated that there was ×3.08 more chloroplast DNA (16S rDNA), compared to genomic DNA (18S rDNA) in the "enriched chloroplast" fraction. In contrast, total DNA extracts of non-enriched chloroplast preparations contained only ×1.31 chloroplast DNA, indicating a ×2.36-fold enrichment of chloroplast DNA in sucrose gradientpurified preparations from sonicated cells ( Table 2) . The results of the qPCR analyses revealed that the sonicationsucrose density gradient purification method described here resulted in a 2.36-fold enrichment of intact chloroplasts, compared to the non-enriched control.
Illumina chloroplast DNA sequencing The C. protothecoides chloroplast genome (cpDNA) was determined using the Illumina HiSeq 2000 sequencing platform and found to be 84,576 Kb in size (8.57 Kb) in size, with 
Discussion
This is the first report of the isolation of intact chloroplasts from a green oleaginous microalga using sonication, followed by sucrose density gradient ultracentrifugation, to enrich for chloroplasts, while also removing accompanying debris, from which a sufficient quantity of purified DNA could be obtained and subjected to DNA sequencing using the Illumina sequencing platform. In the method Grant et al. (1976) used to guide the initial steps incorporated in the method described here, the authors formulated the breaking buffer and resuspension buffer to facilitate the isolation of intact chloroplasts from macroalgae cells. For our organism of interest, C. protothecoides, the breaking and resuspension buffers were modified to eliminate reagents that were not essential for stabilizing microalgae chloroplasts, compared to those of macroalgae. To this end, sorbitol and BSA were added to the isolation buffers to stabilize the osmotic pressure and protect the organellar membranes (Schuler and Zielinski 1989) . The reducing agents, DTT, and sodium ascorbate (NaAsc) were included, respectively, to stabilize the chloroplasts during the initial isolation step, by reducing oxidation and cross-linking of molecules surrounding the disrupted cell, and to bind phenolic compounds in the chloroplast membrane to provide protection from oxidation (Schuler and Zielinski 1989) .
In chloroplast isolation experiments, Grant et al. (1976) used siphonous and coenocytic green algae, which undergo osmotic shock or detergent treatments to release their chloroplasts (Grant et al. 1976; Grant and Borowitzka 1984) . In the case of C. protothecoides, however, such treatments alone showed to be insufficient for chloroplast release. Treatment with detergents, such as SDS or the non-ionic detergent Triton X-100, that are often incorporated to combat changes in osmotic pressure, were found to be ineffective for the purpose of disrupting the cell wall of C. protothecoides. As an alternative for achieving cell wall disruption, a sonication step was tested and when found to be effective, was implemented to eliminate the use of ineffective detergents and/or other more difficult-to-control osmotic shock treatments, for breaking the cell wall. Sonication was expected to affect the various cell components differently, and so, it was considered (and found to be) a potentially useful approach, not only for plastid isolation, but also for the enrichment of cellular fractions that can inform biochemical or other kinds of analysis.
The results of this study demonstrated that sonication could be fine-tuned and used to isolate plastids from C. protothecoides, and furthermore, that it was possible to monitor the progress of each step using the cellulose dye, Brightener 28, to facilitate the imaging and viewing of the chloroplasts by fluorescence microscopy (650 nm).
A 60-70 % sucrose step gradient was used to separate the chloroplasts from the cellular debris, disrupted membranes, and intact cells. Similar concentrations of sucrose were implemented in the sucrose density gradient reported by Sager and Ishida (1963) for the purification of the green alga Chlamydomonas reinhardtii (Sager and Ishida 1963) . In comparison, the chloroplasts of higher plants are reported to sediment to the region corresponding to 30-52 % sucrose (Grant and Borowitzka 1984) , indicating that chloroplast density varies among organisms, perhaps reflecting differences in structure and/or composition; however, for at least one green alga species, and now a microalga species (Chlorella protothecoides ), the same sucrose concentrations proved effective.
The complete genome sequence is available for only a few microalgae chloroplasts. This is in part due to the widely variable properties of algal cell walls, and to the differing composition of lipids, which collectively have created a challenge to develop a protocol that is effective for multiple algal species. The chloroplast isolation/enrichment method reported here is expected to facilitate the isolation and enrichment of chloroplasts from microalgal species having features in common with the genus Chlorella. With the growing interest in microalgae as a source of lipids for biofuels production, the ability to enrich for intact chloroplasts from microalgal species will facilitate physiological and biochemical studies, and provide a relatively easy and cost-effective method for preparing chloroplasts for de novo DNA sequencing. Such studies will aid in elucidating the functional genomics of photosynthetic pathways involved in TAG production to enhance hydrocarbon production through metabolic engineering.
